Abstract
INTRODUCTION
Acute aortic dissection type A (AADA) is a life-threatening medical emergency; the 30-day mortality rate is as high as 50% [1] . AADA requires immediate surgical intervention.
Root-sparing supracoronary ascending aortic replacement is commonly applied for dissections not involving the aortic root [2] [3] [4] . When the aortic root is involved or dilated, composite replacement with a valved conduit has been the treatment of choice for a long time [5] . However, mechanical valved conduits have the disadvantage of lifelong anticoagulation with associated potential thromboembolic and bleeding complications. The rate for bleeding is reported to be approximately 16% after 10 years and 61% after 20 years following a mechanical valve implantation [6] . Thromboembolic complications occur in 10% of patients after 10 years and 24% after 20 years [6] .
These factors and the increasing age of patients have led to the more frequent use of tissue-valved conduits. In addition, more and more young patients tend to choose a tissue valve prosthesis [7] . On the downside, tissue valve prostheses deteriorate over time and may require reoperation. The David procedure is an attractive option for middle-aged and especially for young patients, but it has been shown that tissue valve prostheses deteriorate even more rapidly in young patients than in elderly people [8] . A study by Chan et al. [8] , which involved a variety of different prostheses, reported a 10-year rate for freedom from reoperation of 63% in middle-aged patients and 55% in patients <40 years. However, specific models of prosthetic valves show extremely poor results in young or middle-aged patients. Whereas one type of bioprosthetic valve showed a freedom from valve failure rate of only 18% at 3 years [7] , another model showed a 10-year rate for freedom from reoperation of 88% and of 38% after 20 years [9] .
Valve-sparing aortic root replacement (the David procedure) for the treatment of aortic root aneurysms initially yielded excellent results [10] [11] [12] . The David procedure offers the benefit of preserving the native aortic valve, which leads to a potentially more physiological valve function. Furthermore, there is no need for life-long anticoagulation. On the downside, the David procedure is technically more complex and bears the potential disadvantage of future aortic valve insufficiency compared to the mechanical Bentall procedure.
The published literature on aortic valve-sparing surgery for the treatment of AADA is limited to only a small number of studies [13] [14] [15] [16] [17] [18] [19] . The general feasibility and efficacy of aortic valvesparing operations for emergent situations (AADA) have been demonstrated by various groups, including ours. Nevertheless, critics still argue that aortic valve-sparing surgery for emergent situations is too time consuming and complex.
We conducted this study to overcome the disadvantage of small-sized studies on this topic and provide a comprehensive retrospective review of our 20-year experience with the valvesparing David procedure in patients with AADA.
METHODS
Between July 1993 and October 2015, a total of 772 patients underwent surgery for AADA at our centre. Among these patients, 109 (14%) had aortic valve-sparing reimplantation operations using a straight Dacron graft (David I). The preoperative patient characteristics of these 109 patients are shown in Table 1 .
During the same period, 473 patients had the David I procedure for non-dissection reasons. The preoperative patient characteristics of the patients who did not have AADA can be found in the Supplementary Material, Table S1 .
All operations on the patients with AADA were performed as emergent operations by a total of 16 senior surgeons who had already gained sufficient experience with the David procedure in elective settings. It is our centre's policy to accept all patients with AADA for surgery, regardless of age or morbidity, including patients with malperfusion syndrome. It is our policy to treat every patient who arrives alive at our hospital.
In patients with malperfusion syndrome, our aim is to restore perfusion of the malperfused organs during the initial operation. Once the malperfusion is treated, these patients do not necessarily disqualify for valve-sparing aortic root replacement if they are otherwise stable. Patients with advanced visceral malperfusion or an unknown neurological condition following cerebral malperfusion are generally not considered candidates for the David procedure. There is no definite age limit for valve-sparing aortic root replacement. We usually perform this operation on patients <70 years of age; only selected patients above this age limit would undergo this procedure.
The diagnosis of AADA is made by echocardiography and/or computed tomography and/or coronary catheterization. The aortic valve-sparing operation was considered on the basis of the echocardiographic and intraoperative findings. Only undamaged and non-sclerotic aortic valves were considered for valve-sparing surgery. In every case, the definite decision to perform aortic valve-sparing replacement was made by the operating surgeon after inspection of the aortic valve.
Surgical technique
The surgical technique of our group has been described in previous publications [19] . In short, we performed median sternotomy and administered heparin systemically. Cardiopulmonary bypass was usually established with direct cannulation of the ascending aorta and the right atrium. Our group has described this method of direct aortic cannulation even in AADA patients before [20] . Cold blood cardioplegia (Buckberg) is used in most cases at our institution. Teflon felt, glue and pericardial bands are used, depending on the surgeon's preference.
After mobilizing the root from the outside, the coronary ostia were excised as buttons and the aortic sinuses were resected. Stay sutures elevated the commissures, and optimal coaptation of the cusp was warranted. The size of the straight-tube Dacron graft (David I) was measured using a Hegar dilator.
The Dacron prosthesis was anchored with 9-12 polyester fibre threads. The commissures were elevated and sutured into the prosthesis using polypropylene sutures. The remnants of the aortic sinuses and the aortic annulus were fixed to the prosthesis using 3 additional polypropylene sutures, thus creating small neosinuses. Coronary ostia were reimplanted using polypropylene sutures.
In addition to the root procedure, either a proximal, subtotal (involving replacement of the brachiocaephalic trunk) or total aortic arch replacement was performed, depending on the aortic disease, under moderate hypothermic circulatory arrest (temperatures between 25 C and 27 C) and bilateral selective antegrade cerebral perfusion. Now we perform the aortic arch repair with the beating heart technique as described previously by our group [21] .
Anticoagulation therapy and postoperative follow-up
After the aortic valve-sparing operation, patients received the anticoagulant Coumadin for the first 3 months only. Thereafter, the patients received life-long therapy with aspirin unless there were no other indications.
Echocardiography was performed intraoperatively and before discharge. Individual consent was obtained from patients to allow for follow-up examinations. Follow-up was done according to common guidelines [22] . Patients were contacted by telephone and/or seen in our clinic. Primary care physicians and/or cardiologists were contacted, and examination results with echocardiography data were obtained. Kaplan-Meier analysis was used for evaluation of survival, and the log-rank test was used to test for differences. A value of P < 0.05 was considered statistically significant. The variable 'in-hospital mortality' includes deaths within the first 30 postoperative days (even if they occurred after discharge from hospital) and any death that occurred during the hospital stay (even if >30 days).
RESULTS
The preoperative patient characteristics are given in Table 1 . Of note, the mean age of our patients was 54 ± 12 years; 78 (72%) were men. Marfan syndrome was present in 6 (5%) cases, and 3 (3%) had a bicuspid aortic valve.
The perioperative data are shown in Table 2 . Four patients had an isolated David procedure that did not require aortic arch repair. In these patients, the aortic dissection was limited to the aortic root. Among the remaining patients, 50 (46%) patients received proximal arch replacement, 13 (12%) patients received subtotal arch replacement and 42 (39%) received total arch replacement in addition to the aortic root procedure. Of note, the mean cardiopulmonary bypass time of patients who received only a proximal aortic arch replacement (214 min) was significantly shorter than those who required a subtotal or a total aortic arch replacement (260 min, P < 0.001).
The early postoperative outcome is given in Table 3 . Twelve patients died during the hospital stay, resulting in an in-hospital mortality rate of 11%. The causes of death in these patients were low-cardiac output in 3 patients, cerebral damage in 3 patients, abdominal bleeding during fenestration in 1 patient, aortic rupture in 1 case, sepsis in 2 patients and multiorgan failure in 2 patients.
All surviving patients (100%) had discharge echocardiography. The results of the postoperative as well as the preoperative echocardiographic examinations can be found in Table 4 . Of note, 93 of 97 patients (96%) had aortic insufficiency < _ I . We performed follow-up examinations with a completion rate of 100% and a total of 802 patient-years. The Kaplan-Meier survival curve can be found in Fig. 1 . The mean follow-up time of patients after discharge was 8.3 ± 5.7 years. The 1-, 5-and 10-year survival rates of patients after discharge were 94%, 90% and 78%, respectively.
Follow-up echocardiography could be obtained for 78 eventfree (no in-hospital deaths or aortic valve-related reoperation) patients, resulting in a completion rate of 93% with a total of 709 patient-years. The mean time to the follow-up echocardiographic examinations was 9.1 ± 5.6 years. During follow-up, 66 (85%) patients showed aortic insufficiency < _ I . Aortic valve-related reoperation was necessary in 13 (13%) patients after a median of 4.8 years (range: 0.06-6.1 years). The Kaplan-Meier curve for freedom from aortic-valve related reoperation is shown in Fig. 2 . The rates for freedom from valverelated reoperation at 1, 5 and 10 years after initial surgery were 96%, 88% and 85%, respectively. The reasons for reoperation in these patients were significant aortic valve insufficiency in 7 patients, prosthetic infection in 4 cases, significant aortic stenosis in 1 patient and unknown in 1 case. Among the patients who needed reoperation, 1 patient died during the hospital stay.
We compared the long-term outcome of patients who underwent the David procedure for AADA with patients who underwent the David procedure for other (non-AADA) reasons (Fig. 1) . We found a difference in the survival rate between the 2 groups (P = 0.005), especially during the early postoperative period. However, when corrected for in-hospital deaths, there was no statistically significant difference in the long-term survival rate (P = 0.29). 
CONVENTIONAL AORTIC SURGERY
We also compared the freedom from aortic valve-related reoperation between AADA patients and non-AADA patients (Fig. 2) . There was no statistically significant difference between the 2 groups (P = 0.39).
DISCUSSION
This study shows that valve-sparing aortic root replacement (the David procedure) can be applied to patients with AADA with acceptable long-term results. We demonstrate that the long-term outcomes in terms of survival and valve durability are not inferior when applied in elective settings.
The David procedure has often been criticized for being technically challenging. Therefore, critics did not apply this technique in emergent operations for AADA. Reasons supporting this idea were (i) the lack of studies with large numbers of patients; (ii) the lack of studies showing long-term results with this technique and (iii) the lack of studies comparing the outcome of these emergent cases with those of elective patients. By analysing our patient cohort (more than 100 cases) over a mean follow-up time of more than 8 years and by comparing these cases with an elective cohort, we can give an answer to the 3 points mentioned above.
To our knowledge, this study comprises the largest cohort of patients receiving valve-sparing David procedures in the setting of emergent surgery for AADA. Although there are some studies of the David procedure for AADA, most of these studies comprise a limited number of patients, thus lowering the validity and significance of these studies [13] [14] [15] [16] [17] [18] [19] . Since the David procedure is indeed an extremely complex technique, we could imagine that the outcome in those centres with only limited experience in this technique might be suboptimal. Furthermore, we think that the complex David technique should only be used in emergent situations by surgeons who have already gained sufficient experience with this technique in elective settings.
The overall rate for valve-related reoperations was 13%. Approximately half of the valve-related reoperations were caused by a failing aortic valve. Although there were some early failures within the first postoperative year, some aortic valves lasted for 10-15 years. Importantly, our study includes 48 patients with a follow-up period of 10 years and 12 patients with a follow-up time of 15 years, which highlights the value of the long-term outcome of this study.
The rate for reoperation following implantation of a tissue valve prosthesis is highly dependent on the implanted model and patient age. A study by Chan et al. [8] involving multiple prosthesis models showed a 10-year rate for freedom from reoperation of 63% in middle-aged patients and 55% in patients younger than 40 years. In this study with patients who had the David procedure, the 10-year rate for valve-related reoperation was only 15%, which is clearly lower than the rates for tissue valve prostheses [6, 23] . In addition, some types of valve prostheses deteriorate more quickly in young patients [7] , rendering these models inadequate. Whereas older patients might be sufficiently treated with tissue-valved conduits, especially in the hands of an inexperienced surgeon, we think that young patients in particular could benefit from the aortic valve-sparing David procedure. The fact that tissue valve prostheses tend to deteriorate more rapidly in younger patients than in elderly patients underscores this statement [23] .
The use of the David procedure in emergent situations has often been criticized. Some available studies demonstrate the noninferiority of the David procedure in emergent settings compared to common techniques such as the Bentall procedure [19] . However, to our knowledge, there is no study available comparing the short-or long-term results of the David procedure for AADA with elective indications. Therefore, this study demonstrates for the first time that the long-term survival of patients who had the David procedure to treat AADA is not significantly different compared to that of patients who underwent the David procedure for non-AADA conditions. We observed a higher mortality rate during the early postoperative period in patients with AADA, which is clearly attributed to the aortic dissection and its great immediate risk. However, after correcting the survival curves for in-hospital deaths, we found no significant difference between patients with AADA and those with non-AADA conditions. We believe that this important and novel finding of the present study indicates that the long-term behaviour and durability of the David procedure are not inferior in emergent settings.
Furthermore, we found no significant difference in the need for valve-related reoperation between patients with AADA and those without AADA. This finding also supports the approach of applying the David procedure in emergent settings with noninferior long-term performance of the reconstructed valve.
Whereas tissue valve prostheses have the disadvantage of early deterioration, mechanical valve prostheses offer the advantage of potentially longer durability. However, mechanical valve prostheses may also deteriorate over time, with reported reoperation rates of approximately 10% at 15 years after implantation [23] . Furthermore, patients with mechanical valves/conduits have a higher risk for thromboembolic and bleeding complications. The rate for bleeding is about 16% after 10 years and 61% after 20 years following implantation of a mechanical valve [6] . Thromboembolic complications occur in 10% of patients after 10 years and in 24% after 20 years [6] . Therefore, the potential complications of mechanical valves/conduits have to be weighed carefully against the possibly higher reoperation rate after the David procedure.
In contrast to the long-term results of the David procedure in patients with AADA, which is the novum of this study, the shortand mid-term results have been reported previously by others and also by our group [13] [14] [15] [16] [17] [18] [19] . The in-hospital mortality rate of 11% is at the lower end of the reported mortality rate after AADA. This finding has to be kept in mind, especially in light of the technically complex David procedure and the high proportion of total aortic arch replacements in the current study. The rethoracotomy rate is relatively high in this study but might be attributed to our hospital's policy of accepting all patients for surgery, regardless of age and morbidity.
The mean cardiopulmonary bypass time was 239 min, which seems relatively long at first glance. However, in our study population, more than 50% of patients underwent subtotal or total arch replacement, which demands longer cardiopulmonary bypass and operation-associated times. Indeed, we showed that patients who underwent only proximal aortic arch replacement had a significantly shorter cardiopulmonary bypass time (214 min). This number is actually shorter than the mean cardiopulmonary bypass time for Bentall procedures for AADA reported by other groups: Subramanian et al. [18] : 221 min and Kerendi et al. [24] : 257 min. These numbers demonstrate that the aortic valvesparing David procedure may be complex and technically challenging but does not necessarily lead to a prolongation of the cardiopulmonary bypass time.
Limitations
One limitation of this study is its retrospective character. Further, there might be selection bias, because the final decision to proceed with a conduit or the David procedure is made by the surgeon. Younger or 'healthier' patients were more likely to receive the valve-sparing aortic root operation. However, careful patient selection is of great importance. Ideally, valve-sparing surgery should only be applied to relatively young patients with fewer comorbidities and relatively intact aortic valves without morphological abnormalities (e.g. prolapse, calcifications). Another limitation of the study is the missing conversion rate to classical Bentall procedures after a failed David attempt.
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